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Abstract 

We have developed groundwater flow models to explore the possible relationship between wastewater 
injection and the November 2014 M 4.8 Milan, Kansas earthquake. In these models, we varied 
hydraulic properties of the Arbuckle Formation and the Milan earthquake fault zone, as well as the 
Milan earthquake hypocenter depth and fault zone geometry.  

For a range of reasonable Arbuckle and fault zone hydraulic parameters, the modeled pore pressure 
increase at the Milan hypocenter exceeds a minimum (0.01 MPa) triggering threshold at the time of 
the earthquake. Critical factors include injection into the base of the Arbuckle Formation and the 
proximity of a conductive fault in the pre-Cambrian basement (i.e., a deep hypocenter for the east-
dipping Milan fault).  Given injection rates at nearby wells and likely hydrogeological properties for 
subsurface units and the fault zone, a pore pressure increase exceeding 0.1 MPa at the Milan 
hypocenter is unlikely to have occurred prior to the earthquake. This suggests that the Milan 
earthquake occurred on a critically stressed fault. 
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Introduction 

During the past year, we (my contractor Chris Koltermann and I) have developed groundwater flow models 
to investigate pore pressure changes at the Milan earthquake hypocenter in response to wastewater injection 
at nearby, high-rate salt water disposal (SWD) wells. We upgraded these models throughout the grant period 
as new information from the study area became available. In this report, I describe (1) the hydrogeologic 
setting, based on our search of literature and Kansas government websites, (2) groundwater flow models 
developed during the grant period, and (3) results and implications of this work.  

Hydrogeologic setting 

Hydrostratigraphy and aquifer properties.  In south-central Kansas, 5500-6000 feet (1700-1800 m) of 
Permian to Cambrian sediments overlie pre-Cambrian granite. These comprise thinly bedded shale, 
sandstone, limestone and dolomite layers, dipping less than ten degrees (Merriam, 1963). In Harper and 
Sumner counties, the top of the Ordovician Arbuckle Group occurs at depths between about 4400 to 4600 
feet (1350-1400 m) below the ground surface. The formation is about 1000 feet (300 m) thick and consists 
mainly of coarsely granular, cherty dolomites. The dolomite at the top of the Arbuckle Group (the Cotter or 
Jefferson City Dolomite) is locally overprinted by karst features, owing to long-term subaerial exposure, 
because a major unconformity exists between this material and the layer above. Other karsted horizons exist 
within this formation wherever an unconformity is present. The top of the Arbuckle has been exploited for 
hydrocarbons (with peak production in the 1950’s) and is now the principal target interval for brine injection 
in the area. Pre-Cambrian granite occurs below the Arbuckle, though only a few wells in the area penetrate 
this far. 

 The permeability of the Arbuckle Group may span several orders of magnitude. Carr et al. (1986) 
state that the average permeability, hydraulic conductivity, porosity and specific storage of the Arbuckle 
Group are 1.3 x 10-4 m2, 0.15 m/d, 0.08 and 6.8x10-5 to 3.2x10-3, respectively. More recent data from core 
sample tests and drill stem tests give a permeability range of 10-7 to 10-4 m/d, somewhat lower than the 
textbook range for carbonate rocks (Freeze and Cherry, 1979). However, measurements of k are scale 
dependent. Upscaled values of this parameter range from 10-5 to 10-3 m/d in the middle Arbuckle to 0.01-10 
m/d in the more conductive upper and lower Arbuckle (Holubnyak et al., 2013). Karst overprinting and 
fractures may govern permeability in some areas, but lithofacies control of permeability (which is easier to 
represent in a large-scale model) is considered to be at least as important (Franseen et al., 2004).

Head elevations for all hydrostratigraphic units are inferred from contour plots from Carr et al. 
(1986).  In the Arbuckle, flow is toward the east-southeast, with a gradient of approximately 0.0005. Pore 
fluid pressures in the Arbuckle Group are variable, but most fall below the hydrostatic pressure (hence, the 
formation is underpressured). In the 1980’s, the piezometric surface elevation at Milan was reported to be 
1100 to 1200 feet (335 to 366 m) above sea level, which is about 100 to 200 feet (30 to 60 m) below ground 
level (Carr et al., 1986). More recently, the piezometric surface for the Arbuckle Group at Wellington field 
was reported to be about 500 feet (150 m) below ground level (Watney, 2012). Pore pressures at the top and 
bottom of the Arbuckle were also reported to be 1.18x107 Pa and 1.47x107 Pa, respectively, at Wellington 
field (Scheffer, 2012). These pressures would indicate that the hydraulic head potentiometric surface is 
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about 160 m below ground level at that location, and that there is no vertical gradient in hydraulic head 
(hence vertical flow) within the Arbuckle.

Wastewater injection wells.  According to the March 2015 order by the Kansas Corporation Commission 
(Docket No. 15-CONS-770-CMSC; hereafter called the 2015 KCC order), five high-rate SWD wells were 
located within the model domain in 2014 (stars on Figure 1). Four of these wells were injecting wastewater 
at some point during 2013 and 2014. The well closest to the Milan hypocenter (Well D, aka “Dane”, 4 km to 
the west) injects into the base of the Arbuckle formation while the other three active wells inject into the 
upper Arbuckle. Monthly injection rates at these wells ranged from 124,000 to 258,000 barrels per month 
(635 to 1325 m3/day). During 2014, injection was under gravity feed at all of these wells but Well R 
(“Rizzo”, 8 km west-southwest of the hypocenter), where maximum monthly injection pressure was 300 PSI 
(about 2 MPa). Monthly injection volumes at all four wells were represented in the model. Production and 
EOR wells, and wells injecting into shallower formations, were not represented. 

 The 2015 KCC order required that SWD well operators in Harper and Sumner Counties report 
monthly injection volumes. Since this was previously voluntary, the order resulted in an increase in data on 
injection volume and pressure data from Arbuckle SWD wells in the study area. Annual injection reports for 
2015 were filed for twenty-four wells within the model domain (Tables 1a and 1b). Table 1a includes a well 
drilled in 2015 (Diana) as well as several that are just over 25 km from the Milan hypocenter; Table 1b 
excludes these wells. Of the 24 wells in Table 1b, four injected less than 30,000 BBL in 2015. Six of the 
wells are 20 to 25 km from the Milan hypocenter, and most of these are clustered at the southwest model 
boundary. The additional wells were added to the model mesh but were not “switched on” for this project, in 
which we focus on late 2014 (i.e., the time between increased injection rates and the Milan quake). We have 
found no 2014 injection volume data for several older wells located within 10 km of the Milan hypocenter 
(e.g., Birkholz, Robben and Hartman). 

Fault zone and tectonic setting.  Structural maps indicate that the Humboldt Fault Zone, a N-NE trending 
line of faults extends from the north into Oklahoma via eastern Sumner County. These steeply dipping 
faults, which fall along the Nemaha Anticline, cut pre-Cambrian and early Paleozoic rocks and show a 
maximum offset of about 100 feet (30 m; Merriam, 1963), and are still active (Steeples and Brosius, 1996). 
A dominantly right-lateral sense of slip has been inferred for these faults (McBee, 2003), though signs of 
reverse and normal faulting are also present. No other mapped faults are documented in Harper and Sumner 
counties or their immediate surroundings, though the dominant trends for mapped faults in Kansas are N-NE 
and NW-SE (Merriam, 1963). The Milan fault was identified because of the 2014 earthquake. Its geometry, 
defined by aftershocks and the mainshock focal mechanism (USGS NEIC, 2016), is consistent with the 
structures described above (i.e., N-NE striking, steeply dipping right-lateral fault).   

Groundwater flow models 

Model mesh.  The model mesh (Figure 1) is approximately 40 km square, centered on the Milan earthquake 
epicenter, and aligned with one axis parallel to the N30E-striking Milan earthquake fault.  It comprises 62 
rows, 77 columns, and 23 layers. The fault core is modeled with two rows of 1 m-wide cells, and is within a 
200 m-wide damage zone modeled with grid cells that increase in dimension outward from 1.5 m to 20 m. 
Outside the fault zone, model cell dimensions range from 20 m to 1 km.  The left and right (i.e.  NW and 
SE) sides of the model are constant head boundaries, set to enforce the regional flow gradient across the 
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mesh and a hydraulic head of about 150 m below ground surface at the center of the model domain. The 
other sides and bottom are are no-flow boundaries. We have three versions of the mesh because of large 
uncertainties in the depth of the earthquake hypocenter. This is necessary because for a dipping fault, the 
depth of the hypocenter controls the proximity of the fault zone entry point (into the lower Arbuckle) to the 
SWD wells. The deeper the hypocenter, the closer the entry point to wells Dane and Rizzo (Figure 2). 

 Though one version of our model has made use of an unstructured mesh, we have gone with a 
structured grid (i.e. MODFLOW 2005; Harbaugh, 2005) in most of our calculations because (1) the smaller 
nodal spacing at the injection wells had little effect on modeled pore pressure change at the Milan 
hypocenter, and (2) plotting hydraulic head was less straightforward with the unstructured grid. Monthly 
injection volumes at the four high-rate SWD wells are from 2014 KCC records. 

Parameter ranges and model suites. Hydraulic properties of the lower, middle and upper Arbuckle 
Formation and the fault damage zone were systematically varied, as well as the depth to the hypocenter (3, 5 
or 7 km). Parameter ranges (Table 2) are based on published sources, as described in the previous section. 
Cases with low, medium and high values of hydraulic conductivity for each unit were forward modeled. The 
upper and lower Arbuckle were treated as anisotropic, with horizontal k component values twice the vertical 
component values (e.g. Freeze and Cherry, 1979). Crystalline bedrock and the middle Arbuckle were 
assumed to be isotropic. The storage coefficient S for aquifer units and the fault zone was 10-6. S values of  
10-7 and 10-5 were assumed for crystalline bedrock and the middle Arbuckle aquitard, respectively.  

 The Milan fault damage zone was modeled as anisotropic, with k along the damage zone ten times 
the value of k across the damage zone.  The core was modeled as isotropic, with a lower k than that of the 
damage zone. One case with the Milan fault penetrating through the Arbuckle formation was also modeled 
(Model 6). The fault permeability architecture we assume, with a low-conductivity core embedded in a 
conductive damage zone, is based on several studies (e.g. Evans et al., 1997; Caine et al., 1996; Wibberley 
et al., 2008). The damage zone width we assume (200 m) is not varied. This width is consistent with seismic 
constraints on active faults (e.g., Li et al., 2000) and other induced seismicity models (Goebel et al., 2016), 
but falls at the high end of damage zone widths from field studies (e.g., Caine et al., 1996). 
  
Model refinement during the work period.  After the modeled mesh was developed and a suite of models 
sampling hydrogeologic parameters for the Arbuckle formation and the Milan fault zone were run, new 
information about the region became available. The following describes that information and how (or 
whether) we refined the model to account for it during the grant period. 

 Seismicity data from the USGS south Kansas network (Choy et al., 2016) constrains the hydraulic 
diffusivity of the Milan fault zone.  Aftershocks along the Milan fault appear to have migrated to the edges 
of the rupture patch seven weeks to five months after the mainshock. Assuming that c (hydraulic diffusivity) 
= r2/ (4πt) and a fault patch radius of about 1-2 km (Choy et al., 2016) one obtains c of 0.02 to 0.08 m2/s.   
These values are consistent with other studies of seismicity migration along basement faults with induced 
earthquakes (in the 0.01 to 10 m2/s  range; El Hariri et al., 2010; Stabile et al., 2014; Hainzl et al., 2004). For 
our assumed specific storage S = 10-6, this corresponds with k = 0.2 to 1.0 m/d, which is within the range we 
present (Table 2). 
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 Seismic reflection profiles of the Arbuckle formation at the Wellington field show faults cutting the 
unit (Schwab et al., 2015). Faults can dramatically influence hydraulic head distributions by acting either as 
conduits or barriers to groundwater flow. Stable isotope and Br/Cl data indicate that the upper and lower 
Arbuckle aquifers are not hydraulically connected at Wellington field (Scheffer, 2012), so the faults are not 
efficient flow conduits in this area. After the 2015 AGU meeting (where the new Wellington field seismic 
profiles were presented), we added two models in which the Milan Fault cuts the Arbuckle Group (a variant 
of Model 1 is reported; Table 2).  More models with the Arbuckle fault cutting the Arbuckle are underway.  

 As noted above, we identified several additional injection wells in the model region after March 
2016 (when injection reports required by the 2015 KCC order were filed). These  wells (Tables 1a and 1b) 
were added to the model mesh but were not “switched on” for this project. We have no data indicating rates 
of injection at any of the the newly identified wells within 10 km of the Milan hypocenter during 2014. 
However, 2015 injection reports show that these wells inject into the upper Arbuckle formation, and at a 
combined rate far lower rate than that of Well R, which is represented in the model (Table 1b). 

Results and Discussion 

 Hydraulic properties of the lower, middle and upper Arbuckle Formation and the fault damage zone 
were varied, as well as the depth to the hypocenter. A reference model (Model 1) formed the basis for 
parameter exploration, and where hydraulic parameters in a particular unit were varied, others were held at 
the Model 1 values (Table 2) unless otherwise noted.  

 We find that a minimum triggering stress threshold of 0.01 MPa (Stein, 1999) is exceeded by the 
time of the Milan earthquake, for a range of aquifer parameters. Critical factors include injection into the 
base of the Arbuckle Formation and proximity of the entry point and hydraulic conductivity of the Milan 
fault (in the pre-Cambrian basement). The highest pore pressure change at the Milan hypocenter at the time 
of the earthquake (0.03 MPa) was obtained from a model with a conductive fault damage zone and lower 
Arbuckle (0.85 m/d and 0.25 to 2.5 m/d, respectively) and an assumed hypocenter depth of 7 km.  

Sensitivity to model parameters. Figure 3 shows modeled pore pressures at the Milan hypocenter as a 
function of damage zone permeability and hypocenter depth. Pore pressures at the hypocenter were less 
sensitive to the hydraulic conductivity of the lower Arbuckle Group than to that of the damage zone, except 
for cases with a shallow assumed hypocenter. This is because most of the flow path is along the lower 
Arbuckle rather than the fault zone. The presence of a low-conductivity damage zone core is unimportant, 
likely because this core represents only a 2-m-wide portion of the 200-m-wide damage zone. A low-
permeability fault core should play a more important role in models allowing the Arbuckle fault to penetrate 
the Arbuckle Group.  

 For the default (moderate) hydraulic conductivity case, allowing the Milan fault to penetrate the 
Arbuckle Group has little effect on inferred pore pressure change at the Milan hypocenter. Figure 4 shows 
that when the fault cuts the Arbuckle, modeled pore pressures at the Milan hypocenter decrease slightly, 
indicating a reversed hydraulic gradient (upward flow) exists across the middle Arbuckle, and that elevated 
pore pressures in the lower Arbuckle are being communicated upward into the upper Arbuckle. Figure 4 also 
shows models with varied conductivity in the upper Arbuckle aquifer. For a more conductive upper 
Arbuckle, the modeled pore pressure at the Milan hypocenter is lower. This again suggests upward flow 
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through the middle Arbuckle: for a lower value of k, heads in the upper Arbuckle are greater (due to 
injection from well R and others), reducing the magnitude of the head gradient between this unit and the 
overpressured lower Arbuckle. This reversed hydraulic gradient is sensitive to the assumed initial pore 
pressures in the Arbuckle Group, which are poorly constrained in the model region.  It is also sensitive to 
hydraulic parameters of the middle Arbuckle and the fault zone. Stable isotope data indicate that the upper 
and lower Arbuckle aquifers are not hydraulically connected in the model region (Scheffer, 2012), 
suggesting that the fault is not an effective conduit connecting the upper and lower Arbuckle aquifers. 

Implications and targets for future research. If the Milan earthquake hypocenter depth is consistent with 
aftershocks (4 to 7 km; Choy et al., 2016), a conductive fault zone is required for pore pressures to exceed 
the triggering threshold. For our models with a 200-m-wide damage zone, models with k = 0.85 were 
required; higher k values would be required for narrower damage zones.   Given the fault orientation and the 
E-W orientation of the maximum horizontal stress (Zoback, 1992), the Milan earthquake fault is likely to 
have been critically stressed, consistent with its high hydraulic conductivity (Barton et al., 1995; Evans et 
al., 1997). A low Coulomb stress increase at the hypocenter is consistent with other induced earthquakes in 
the central U.S. (e.g., Hornbach et al., 2015; Keranen et al., 2014; Yeck et al., 2016). As the pore pressure 
front migrates further from high-rate wells, additional critically-stressed fault zones may be triggered. 

 Given injection rates and likely hydrogeological properties for subsurface units and the fault zone, a 
pore pressure increase exceeding a tenth of a MPa at the Milan hypocenter is unlikely to have occurred 
before the earthquake. Simply put, there is only so much water being injected and it is difficult to make this 
volume cause large increases in pore pressure at the hypocenter. We are constrained by the rapid onset of 
seismicity in response to increased injection rates to have a fairly high value of hydraulic diffusivity (c) for 
the fault damage zone and lower Arbuckle. Our assumed S in the aquifers and shear zone (10-6)  is already 
on the low end of an admissible range for confined aquifers. To obtain higher pore pressures at the 
hypocenter while reproducing the rapid onset of seismicity, we can model lower values of both S and k. This 
would move S below reasonable ranges for confined aquifers (e.g. Freeze and Cherry, 1979). Other 
parameters to explore include the width of the damage zone and the degree of anisotropy of aquifers and the 
fault damage zone.  

 The large injection volumes into the upper Arbuckle do not appear to have caused notable pore 
pressure changes at the Milan hypocenter by the time of the November 2014 earthquake. However, this may 
change if local seismicity has altered the permeability of faults that cut the Arbuckle. Though stable isotope 
data indicate that the upper and lower Arbuckle aquifers are not hydraulically connected at Wellington Field 
(in the model region, about 15 km east of the Milan hypocenter; Scheffer, 2012), they do indicate hydraulic 
connection at Cutter Field, about 250 km to the west (Watney et al., 2015). If pore pressure changes from 
the upper Arbuckle are eventually communicated to the lower Arbuckle (and hence to faults in the bedrock 
below), hazard levels in the region could remain elevated in southern Kansas for some time, even for 
reduced rates of wastewater injection. Tracer tests, geochemical analyses of water from the upper and lower 
Arbuckle, and detailed measurements of pore pressures in both Arbuckle aquifers could provide insight on 
whether their degree of hydraulic connection has changed. This information would be a great help in 
modeling pore pressure evolution and managing seismic hazard in the region. 
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Figure 1. Plan view of MODFLOW model mesh, showing locations of modeled SWD 
wells (colored stars) and other SWD wells in the region (colored circles). Well symbol 
colors are keyed to completion depth. Open circles show earthquakes through mid-2015.
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Figure 2. Cartoon profile view showing east-dipping Milan fault rupture plane given 
hypocenters at different assumed depths. The entry point from the lower Arbuckle to 
the transmissive fault zone depends on hypocenter depth. For greater hypocenter 
depths, proportionally more of the travel path for the pore pressure front is in the fault 
zone (rather than the lower Arbuckle) and the entry point is closer to Well D.
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Figure 3. Modeled pore pressure as a function of time for three instances of fault 
zone conductivity. Each panel represents a different hypocenter depth. For the 
shallowest assumed hypocenter depth, shear zone conductivity is less important 
because nearly the entire travel path is along the conductive lower Arbuckle. At 
greater hypocenter depths, proportionally more flow is along the fault zone, and its 
hydraulic properties become more important. For the most likely hypocenter depths 
(5-7 km), Model 3 (incorporating the most conductive damage zone) suggests pore 
pressure changes exceeding 0.02 MPa at the Milan hypocenter at the time of the 
earthquake, consistent with Coulomb stress changes exceeding 0.014 MPa (for a 
friction coefficient of 0.7). For beyond 2015, the mean 2014 injection rates at each 
well were assumed.
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Figure 4.  Modeled pore fluid pressure at the Milan earthquake hypocenter as a 
function of time. Sensitivity to upper Arbuckle hydraulic conductivity (k) suggests a 
reverse hydraulic gradient, resulting in increased pore pressures at the Milan 
hypocenter as the upper Arbuckle k is reduced. When the Milan fault is modeled 
crossing the Arbuckle, the pore fluid pressure drops very slightly, consistent with this 
finding. This conclusion is sensitive to assumed pore pressures in the upper and lower 
Arbuckle at the start of our model period (January, 2013), as well as hydraulic 
properties of the fault zone and the middle Arbuckle aquitard.
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Table 1a. SWD wells injecting into the Arbuckle Group, within the model region. Most 
of these wells were identified during the spring of 2016, when operators filed injection 
reports as mandated by the March 2015 order by the Kansas Corporation Commission 
(Docket No. 15-CONS-770-CMSC).
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Table 1b. SWD wells injecting into the Arbuckle Group, within 25 km of the hypocenter. Distances to 
the Milan hypocenter and 2015 injection volumes are shown. Wells shown in blue are over 20 km from 
the Milan hypocenter. Wells shown in green are within the model domain but injected at a low rate in 
2015. The top five wells on this list were included in the models described in this report; additional wells 
in black were added subsequently. 
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Table 2. Parameters for MODFLOW groundwater flow models completed during the grant 
period. Those labeled “new model” were completed after the grant period and are not discussed 
in detail. 


